Several characteristics of receptor capping in lymphocyte membranes suggest similarities with mechanisms underlying control of contraction in smooth muscle fibers. Both capping and contraction are Ca2+ dependent and require metabolic energy. Contractile proteins such as actin and myosin are associated with the cap, as is calmodulin, which mediates the Ca2' dependence of smooth muscle contraction. Recent studies have shown that myosin light chain kinase (MLCK), which plays a central role in regulation of smooth muscle contraction, is also present in isolated lymphocyte membrane-cytoskeleton complexes. We have exlplored this analogy further, using mouse lymphoma T cells Whose membranes were rendered permeable to small proteins by using a low-Ca2' EGTA solution similar to that used to chemically skin smooth muscle cells. Permeabilized lymphocytes were then exposed to solutions containing various combinations of high or low Ca2', ATP, or other nucleotides (5'-adenylyl imi- Ca2+-calmodulin complex is regulating an actomyosin system responsible for capping in mouse lymphoma T cells (13).
membrane-cytoskeleton complexes. We have exlplored this analogy further, using mouse lymphoma T cells Whose membranes were rendered permeable to small proteins by using a low-Ca2' EGTA solution similar to that used to chemically skin smooth muscle cells. Permeabilized lymphocytes were then exposed to solutions containing various combinations of high or low Ca2', ATP, or other nucleotides (5'-adenylyl imidodiphosphate, adenosine 5'-[ythioltriphosphate, guanosine 5'-[Ylthio]triphosphate, CTP, ITP, UTP, and GTP), calmodulin, Ca2+-insensitive MLCK (MLCK subunit that has been stripped of the Ca2' binding site), and the catalytic subunit of cAMP-dependent protein kinase that phosphorylates (and thereby inactivates) MLCK. Capping of concanavalin A-labeled receptors in these various test solutions was scored. In all solutions the capping observed in permeable lymphoma cells correlated well with contraction previously observed in similarly treated skinned smooth muscle fibers, providing strong evidence for the involvement of myosin light chain phosphorylation in the regulation of receptor capping.
The binding of multivalent ligands to the cell surface of lymphocytes sets into motion a process that results in redistribution of the bound membrane proteins. The bound receptors aggregate into patches; these then coalesce to form a single large aggregate called a cap (1, 2) . Lymphocyte cap formation requires metabolic energy and cytoskeleton elements (2) . Thus far actin, myosin (3-6), a-actinin (7) , intermediate filament proteins (8) , tubulin (9) , and calmodulin (10, 11) have been shown to be associated with cap formation. More recent studies show that isolated lymphocyte membrane-cytoskeleton complexes contain myosin light chain kinase (MLCK) (12) .
The similarities between the proteins associated with cap formation and smooth muscle contraction suggest that the underlying mechanisms might be similar. The conceptial model hypothesized to explain activation of smooth muscle contraction and extended to capping in this paper is shown in Fig. 1 . Two protein kinases are involved in the regulation of myosin light chain phosphorylation (muscle contraction). One kinase (MLCK) phosphorylates myosin light chains and the other kinase (catalytic subunit of the cAMP-dependent protein kinase) phophorylates the MLCK. Phosphorylation of the MLCK decreases the affinity of the activating Ca2+-calmodulin complex for the MLCK. Modulation of the Ca2+-activation of the MLCK and contraction is an important prediction of the model. Recent-work with permeable mouse lymphoma T cells strongly supports the hypothesis that a Ca2+-calmodulin complex is regulating an actomyosin system responsible for capping in mouse lymphoma T cells (13) .
We report here evidence that a Ca2+-activated MLCK regulates capping in mouse lymphoma T cells, a hypothesis based on reported evidence that the capping in mouse lymphoma T cells is associated with phosphoiylation of the myosin light chains (14) . The results reported here for lymphocyte capping are similar to those reported for contraction in skinned (permeable) smooth muscle preparations. In the permeable cell preparation, the membrane is rendered nonfunctional as reported for skinned skeletal and smooth muscle fibers (15) (16) (17) (18) , which allows the intracellular ionic and protein environment to be controlled. That MLCK regulates contraction in skinned smooth muscle fibers is supported by the following evidence. (i) In skinned smooth muscle fiber preparations, Ca2+-activated contraction and myosin light chain phosphorylation are inhibited by the catalytic subunit of the cAMP-dependent protein kinase. This inhibition can be reversed by addition of exogenous calmodulin (19) (20) (21) gizzard by their method (25) . The Ca2+-insensitive kinase is prepared by chymotryptic digestion, which removes the calmodulin binding site (25) . The enzyme is activated by digestion but not affected by Ca2+ or calmodulin. The catalytic subunit of the cAMP-dependent protein kinase was a gift from E. G. Krebs. Protocol. Aliquots of permeable cell suspensions (0.3 ml) were resuspended in test solution for a specified time (usually 10 min) at 21°C. Samples (0.1 ml) were (Fig. 2 c and d) . In contrast, fluorescence micrographs of cells in Fig. 2 a and (Fig. 3 A and B , Table 2 , experiments A and B, and Table 3 , experiment G). Addition of 1 ,M catalytic subunit of the cAMP-dependent protein kinase to the optimal capping solution (pCa = 4.0) inhibited capping to below baseline level (2%) (Fig. 3E, Table 2 , experiment C) as it inhibits contraction in smooth muscle (19) (20) (21) . Cap formation was 50% inhibited at a catalytic subunit concentration of 0.25 ,uM (Fig. 4) Because of this property, irreversible activation of contraction by ATP[yS] is used to test for myosin light chain phosphorylation in skinned smooth muscle cells (16, 17, 27 (19, 23) . In con- capping by the catalytic subunit of the cAMP-dependent protein kinase occurred over a concentration range found in cells (29) (Fig. 4) . Conti and Adelstein (30) showed that the cAMP-dependent protein kinase will phosphorylate the MLCK. This phosphorylation reduces the affinity of the Ca2+-calmodulin complex for the phosphorylated MLCK. Their model (shown in Fig. 1 ) predicts that phosphorylation of MLCK at low concentrations of calmodulin would decrease the amount of Ca2+-calmodulin-myosin light chain complex formed. At high concentrations of calmodulin, no effect on the amount of complex formed would be expected.
Tension development in skinned smooth muscle fibers is inhibited by the catalytic subunit in a manner consistent with the proposed model (19, 21) . Capping of lymphoma cells behaved in a similar manner (Fig. 4, Table 2 , experiments C and D).
The Table 2 , experiment G, and Table 3 , experiment G). Similar effects were observed in vitro on smooth muscle actomyosin ATPase (26) and on tension in skinned fibers (16, 17) .
Ca2+-Insensitive MLCK Activation of Capping. The activation of capping by the Ca2+-insensitive MLCK in the presence of ATP[yS] is strong evidence that myosin light chain phosphorylation is involved. This is because the only known substrate for MLCK is myosin light chains (31) . In skinned smooth muscle fibers, tension was activated by the Ca2+-insensitive MLCK in the absence of Ca2+ (19) . The same Ca2+-insensitive MLCK was used in this study. The Ca2+- . This probably is due to unfavorable experimental conditions. First the kinase may have been of too low a concentration to overcome the effects of the phosphatase. Second, the kinase, which is known to activate tension in chicken gizzard fibers, may have a lower specific activity towards mammalian myosin light chains than required (19) .
The Inability of Certain Nucleotides to Support Capping. We have shown (13) that ATP is required both for cap formation and dissociation. According to the proposed model ( Fig.  1) ATP is used as a substrate by MLCK and myosin in order for capping to occur. For cap dissociation, ATP is used to dissociate the actomyosin filaments involved in cap formation. It has been shown that UTP, ITP, CTP, and GTP do not serve as a substrate for MLCK and, consequently, do not support tension development in skinned fibers (19, 23) . Likewise, these nucleotides do not serve as a substrate for capping (Table 3, (Table 3 , experiments A-D) is consistent with the hypothesis that cap formation is activated by an actomyosin system. This is because myosin activated by light chain phosphorylation would be expected to use UTP, ITP, CTP, and GTP as substrates for actomyosin interactions. Similar effects of UTP, ITP, CTP, and GTP on activation of tension in thiophosphorylated skinned smooth muscle fibers have been reported (19, 23) . In agreement with this, these same nucleotides serve as substrates for contraction and relaxation in skinned skeletal muscle fibers (19, 23) (Fig. 2) . Likewise, the endogenous calmodulin would not be expected to diffuse out. This would account for why the cells cap in response to Ca2+ after being made permeable. These solutions are the same as those used for making skeletal and smooth muscle fibers permeable (15, 16) .
The mechanism of making cells permeable is not known. Electron micrographs of muscle cells (32) and lymphoma cells (unpublished observations), which have been made permeable by this procedure, show the cell membrane to be intact. Also, freeze fracture of muscle cell membranes exposed to the skinning solutions did not show evidence of holes (data not published). Presumably, proteins and ions pass freely through holes in the membrane smaller than can be resolved with the electron microscope. Recently, other investigators have used similar techniques to incorporate aequorin into smooth muscle cells (33) .
Because all of the lymphoma T cells appear to be permeable (Fig. 2) , the question that arises is why don't all of the cells cap? We have no clear answer to this question. The number of cells that cap in this study is somewhat higher but similar to the number in other studies using intact cells (34, 35) . One possible reason for this may be related to cells being in different stages of the cell cycle (36) .
Relationship to Previous Studies. Actin and myosin (3, 4) , calmodulin (10, 11), a-actinin (7), and MLCK (12) have been shown to be associated with the cap structure. The lymphoma MLCK is able to phosphorylate specifically the lymphocyte myosin light chains in a Ca2+-dependent manner (12) .
Capped cells show myosin light chain phosphorylation (14) . Capping in permeable lymphoma cells is activated in a graded manner with Ca2 , made more sensitive to Ca2+ by adding exogenous calmodulin, inhibited by trifluorperazine, and dependent on ATP (13, 37) . The functional evidence presented in this study in combination with revious studies strongly supports the hypothesis that a CaR-calmodulin-activated MLCK is responsible for the regulation of receptor capping in mouse lymphoma T cells.
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